Soil water content (SWC) varies both spatially and temporally and is highly controlled by various factors operating at different intensities and scales. In this study, we investigated the scale-specific controls of SWC along a 500-km transect using multivariate empirical mode decomposition (MEMD) at 42 sites. Soil water content and six environmental factors were divided into different intrinsic mode functions (IMFs) and residuals to represent different scales. Different values of IMFs for SWC and environmental factors were obtained throughout the whole profile and within five soil layers (0-1, 1-2, 2-3, 3-4, and 4-5 m). The largest scales (i.e., the scales that explain largest portion of variances) of SWC and environmental factors depended on the soil layer from which SWC was involved in MEMD analysis, and they were 272, 126, 134, 126, 117, and 121 km for soil layers from 0 to 1, 1 to 2, 2 to 3, 3 to 4, 4 to 5, and 0 to 5 m, respectively. The residuals accounted for a majority (33-78.1%) of the variance of the original data. At large scales (>250 km), precipitation and temperature were the controlling factors on SWC, whereas at moderate scales (65 km), elevation and sand were the factors determining SWC. In contrast, at all scales, clay content affected SWC distribution. The scale-specific prediction of SWC on the basis of IMFs and residuals contained more information on environmental factors than the results obtained at the measurement scale. Overall, SWC prediction from IMFs and their residuals were superior to those based on the original data. Using information obtained from MEMD could improve our understanding of the scale-specific characteristics of soil water and environmental factors across a long transect scale.
VZJ | Advancing Critical Zone Science p. 2 of 12 sometimes contradictory because the interaction between various factors on soil water may be scale or site dependent. For example, Fang et al. (2016) found that soil properties, annual rainfall, and agricultural management were the main local factors regulating deep soil moisture at the watershed scale. reported that soil and topographic factors determined SWC in wetter conditions within the St. Denis National Wildlife Area of the Canadian Prairies, but only soil properties were found to control soil water at the LaoYeManQu watershed in the Chinese Loess Plateau, which is located in a cold semiarid climate.
Identification of controlling factors of SWC distribution is commonly explored using Pearson correlation analysis to linearly relate SWC to various environmental factors at various scales of measurement (Blöschl and Sivapalan, 1995) . However, the specific scale of the processes controlling SWC may not always be the same as the measurement scale being explored. Therefore, other methods such as spectral analysis, spatial coherency, and wavelet coherency have been put forward as ways to explore scale-dependent relationships between SWC and environmental variables (Kachanoski et al., 1985; Blöschl and Sivapalan, 1995; Si and Farrell, 2004; Si, 2008) . Unfortunately, all of the methods have limitations; spectral analysis and spatial coherency assume a system is stationary (Kachanoski et al., 1985; Si, 2008) , and wavelet coherency can cope with a nonstationary system but requires the related processes to be linear. In practice, the effects from different processes at different scales are not always linear.
Multivariate empirical mode decomposition (MEMD), which extends from univariate empirical mode decomposition (EMD) Mandic, 2010, 2011) , was used by Hu and Si (2013) to identify the scale-specific controls of soil water storage. Using the MEMD method, "common scales" can be presented within multivariate data. In all the variants, each common scale is shown in similar oscillatory modes within an n-variate intrinsic mode function (IMF). The mode alignment quality makes use of common scales in different data sources. Thus, the true scales of underlying processes can be presented by the acquired common scales. Because of the advantages of the MEMD method, more studies are using this method She et al., 2014; Lee et al., 2016; Hao et al., 2017) . For example, Liu et al. (2018) applied MEMD to investigate controlling factors on soil water infiltration characteristics under different land use types and found that (i) soil organic matter and bulk density were important controls at smaller scales under croplands, and (ii) initial SWC and water temperature became more effective at larger scales under forest and shrubland. All of these studies, however, were conducted on relatively short transects and in shallow soil profiles. This limits our understanding of scale-specific soil water controls for deep soil profiles at a regional scale.
Our study was conducted along a 500-km transect, which has never been reported in previous studies; therefore, we ran the MEMD at our 500-km transect scale. We also conducted the MEMD for SWC at five soil layers (0-1, 1-2, 2-3, 3-4, and 4-5 m) to investigate the differences in scale-specific controls on SWC in different soil layers. Therefore, the objectives of this study were (i) to investigate the scale-specific controls of SWC and environmental factors at a regional scale using the MEMD method, (ii) to examine different scale-specific controls of SWC in different soil layers (depth to 5 m), and (iii) to estimate SWC distribution along the 500-km transect using a combination of the MEMD and regression analyses. This information is important for understanding the application of the MEMD method to a regional transect and is valuable for SWC prediction and modeling in a theoretically detailed way.
Materials and Methods

Description of the Study Area
This study was performed along a 500-km transect from southeast to northwest across the Chinese Loess Plateau (597-1567 m, Fig. 1 ). The transect crosses Shaanxi, Gansu, and Ningxia Provinces and has a typical continental monsoon climate. Annual precipitation ranges from 260 (northwest) to 590 mm (southeast), and a majority (55-78%) of the annual rainfall occurs from June to September. Annual pan evaporation ranges from 1400 (southeast) to 2000 mm (northwest). The mean annual temperature is 8.7 and 13.1°C in the northwest and southeast, respectively. The annual solar radiation ranges from 5.02 ´ 10 9 to 6.7 ´ 10 9 J m −2 (Wang et al., 2012) .
From the southeast to the northwest, the climate transitions from subhumid to semiarid (Fig. 1b) . The soil is generally coarser in the northwest part of the Chinese Loess Plateau and contains more clay in the southeast. From the southeast to northwest, soil types follow the sequence: Huangmian soil ® Huigai soil ® Zongmo soil ® Fengsha soil according to the Chinese taxonomic system (Wang et al., 2010) . The mean soil organic carbon content ranges from 2.64 to 4.57 kg C m −2 in the 0-to 40-cm soil layer in this area (Liu et al., 2011) . The pH of the soil ranges from 7.8 to 8.5 (Zhou et al., 2009; Liu et al., 2013) . The predominant types of land use in this transect are cropland, orchard, forest, shrubland, and native grassland.
Sampling Sites and Data Collection
Soil sampling sites (n = 42) were selected at intervals of ?10 km along the 500-km transect. Elevation generally increased along the transect (Fig. 2) . Upslope sampling points were selected to reduce the possible effect of microtopography.
The vegetation zones were characterized by a sequence of forest, forest steppe, typical steppe, and desert steppe from subhumid to semiarid zones. From southeast to northwest, the vegetation types are crops, orchard trees, locust (Robinia pseudoacacia L.), bunge needlegrass (Stipa bungeana Trin.), korshinsk peashrub (Caragana korshinskii Kom.), sea buckthorn (Hippophae rhamnoides L.), and alfalfa (Medicago sativa L.). The predominant species at each sampling site was selected to reflect the SWC regimes of the corresponding vegetation zones.
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An aluminum neutron probe access tube was installed at each sampling site to record volumetric SWC (q) at 0.1-m intervals from the 0-to 1-m layer and at 0.2-m intervals from the 1-to 5-m layer. Soil water content at each depth was calculated from the slow neutron count rates using the calibration curve provided by Wang et al. (2015a) .
The SWC was measured five times from 2015 to 2016 (June, July, August, and November in 2015 and March in 2016), including the rainy and dry seasons of the whole year. A total of 1050 disturbed soil samples were collected to determine soil particle composition by laser diffraction using a Mastersizer 2000 (Malvern Instruments).
Environmental factors across the 42 sites including annual precipitation and annual temperature (51 yr from 1951 to 2001) were collected from corresponding nearby meteorological stations. Since these environmental factors-which included soil particle composition, elevation, annual precipitation, and annual temperature-are relatively stable compared with SWC, we used the mean value of the five measurements of SWC at each sampling site to represent the overall soil water conditions within a year.
To explore the specific scale of SWC and environmental factors in detail, we divided the data into the whole profile and into five soil layers (0-1, 1-2, 2-3, 3-4, and 4-5 m, respectively). It should be noted that (i) SWCs of the sampling sites at the whole profile were the means of SWC throughout the 5-m soil profile, and (ii) SWCs of the sampling sites for the five soil layers in the vertical direction were the means of SWC at every 1 m of soil depth.
Multivariate Empirical Mode Decomposition and Data Analysis
The purpose of the MEMD method is to decompose the observed spatial series of data into different IMFs according to the hypothesis that at any given position, different simple oscillatory modes or frequencies (representing different scales of underlying variable processes) may superimpose one another. The MEMD shows scale-specific control of nonlinear and nonstationary systems by producing multiple n-dimensional envelopes by taking projections of multiple inputs along diverse directions in n-dimensional spaces. The steps of the MEMD method are briefly introduced below.
Assuming that n-dimensional V(s) = {V 1 (s), V 2 (s), …, (V n (s)} denotes the n spatial data series as a function of space (s), and
where K is the total number of directions), then IMFs of the nonstationary and nonlinear n spatial data series can be acquired by MEMD using the following algorithm (Rehman and Mandic, 2010; Hu and Si, 2013 A Hilbert transformation (Huang et al., 1998) was conducted for each IMF to acquire instantaneous frequencies. The instantaneous frequencies of SWC and environmental factors were transferred to period (1/frequency), and the period was further transferred to the spatial scale after being multiplied by the sampling interval. For each run of the MEMD program, the spatial data of the seven variables (SWC, precipitation, temperature, elevation, and clay, silt, and sand content) at each site formed a multivariate data series. Each of the multiple datasets was decomposed into multiple IMFs and a residue term.
Each multivariate data set was decomposed into different IMFs with the MEMD using a MATLAB (MathWorks) program written by Rehman and Mandic (2010) . The variance contribution (in percentage) of each IMF or their residuals was calculated as the ratio of the variance of each IMF or residual to the variance of the original spatial data series. Instantaneous frequencies were calculated after Hilbert transforms using a MATLAB program written by Rilling et al. (2007) . After the MEMD analysis, Pearson correlation analysis and stepwise multiple linear regression were used to explore the relationships among IMFs or residuals between SWC and environmental factors, and the original data. Figure 2 shows that annual precipitation and annual temperature generally decreased from southeast to northwest along the transect, whereas elevation increased. Along the transect, higher SWC was associated with greater precipitation, and SWC distribution fluctuated along the transect, usually with higher SWC in the subhumid zone vs. the semiarid zone. In the subhumid zone, a relatively stable distribution of clay, silt, and sand was observed, whereas these soil properties were more variable in the semiarid zone. This was also reported by Zhao et al. (2017) , who found that highly variable soil water in a semiarid climate was correlated with soil particle composition. Soil water content in the 0-to 5-m soil layer ranged from 1.4 to 33.1%. Mean SWC gradually increased from 13.6 to 16.0% with increasing soil depth, whereas the CV of SWC decreased from 42 to 37% along with soil profile. This decrease indicated increased stability of SWC in the deeper soil layers. The mean clay, silt, and sand contents ranged from 14.6 to 16.4, 69.2 to 71.9, and 11.8 to 16.2% vertically throughout the soil profile, respectively, and their mean CVs throughout the vertical soil profile were silt (10%) < clay (27%) < sand (76%) ( Table 1) . Table 2 shows that SWC was significantly correlated with all factors when considering the entire soil profile (0-5 m) and when considering each of the five individual soil layers. However, the strength of the correlations decreased with increased soil depth. The exception was silt content in the 3-to 4-and 4-to 5-m soil layers where correlations were not significant. Table 2 further shows that (i) all regression equations for SWC included clay content, and (ii) elevation was selected in equation in the 0-to 1-m soil layer, and temperature was selected in the 1-to 2-and 2-to 3-m soil layers. This verified that aboveground environmental factors had greater impacts on SWC in the upper soil layers than in the deeper soil layers. Other research has similarly found that within a relatively large area, soil properties-a local variable-are able to help explain soil water dynamics and related hydrological processes (Wang et al., 2017a) .
Results and Discussion
Basic Statistics of Soil Water Content and Related Factors
Multivariate Empirical Mode Decomposition
The Whole Profi le (0-5 m)
To examine the specific scales of SWC and environmental factors, three different modes of oscillation for the whole profile (Fig. 3) were obtained using the MEMD. The IMFs with smaller numbers extracted higher frequency oscillations, whereas IMFs with larger numbers corresponded to lower frequency oscillations, which resulted from the limited number of cycles included in IMFs at large scales (Rehman and Mandic, 2010; Biswas and Si, 2011a) . The scales of IMF1, IMF2, and IMF3 for all the variables ranged from 27 to 33, 48 to 74, and 64 to 165 km, respectively (Table 3) . The obtained scales of all the variables corresponding to a specific IMF had CVs of <30%. These scales were averaged to represent the scale of that IMF. The mean scales for IMF1, IMF2, and IMF3 were 31, 63, and 121 km, respectively, throughout the whole 0-to 5-m soil profile. The variation for each IMF scale gradually Table 1 . Summary statistics for soil water content (SWC) and environmental factors ( precipitation, temperature, elevation, and clay, silt and sand content) throughout the whole 0-to 5-m profile and in five soil layers to 5 m. increased as the scale itself grew, which is consistent with , who showed that the greater the scale, the larger the differences in scales among different environmental variables. The percentage variance of SWC and environmental factors differed among the different IMFs (Table 4) . Residuals explained a majority of the variance (42.1-91.3%) of SWC and environmental factors for the whole profile (0-5 m), whereas IMF1, IMF2, and IMF3 explained relatively small parts of the variance (0.4-18.4%), which may be explained by that fact that our study was conducted at the regional area, and the measured environmental factors explain SWC at a large scale. Our results are different from those obtained by , who found that little variance existed in the residuals; they also pointed out their results may be a consequence of a relatively short sampling distance, and with the increases in sampling distance, the variance in residuals may also increase. From the comparison of the decomposition, we can conclude that the contribution of smallscale variance in SWC and environmental factors was reduced with increases in sampling length.
The entire length of the transect was ?500 km, whereas the largest scales of all variables produced by IMFs were only 165 km (or one-third of 500 km) for the whole soil profile (Table 3) . This was consistent with the percentage variance explained by IMFs and residuals. Nevertheless, the results from Hu and Si (2013) , , and She et al. (2014) showed frequency oscillations at small sampling lengths (?500 m) and sampling intervals (?5 m), and the largest scales they obtained by MEMD were close to the length of the transect. Our results may be attributed to the long sampling distance and large sampling intervals (10 km), which eliminated possible frequency oscillations among different variables in our study.
Five Layers
Different numbers of IMFs (four, three, three, three, and three for 0-1, 1-2, 2-3, 3-4, and 4-5 m, respectively) for SWC and environmental factors were obtained using the MEMD (Fig.  4, Table 3 ). The scales obtained of all the variables were from 27 to 35 km for IMF1, 47 to 81 km for IMF2, 64 to 165 km for IMF3, and 254 to 323 km for IMF4. The largest mean scales at 0 to 1, 1 to 2, 2 to 3, 3 to 4, and 4 to 5 m were 272, 126, 134, 126, and 117 km, respectively. Different IMFs among the five soil layers indicated that processes controlling surface soil water were more complex than those in the deeper soil layers. Unexpectedly, with increasing scale, the CV of scale in IMF4 for SWC at 0 to 1 m and environmental factors did not increase, which differed from the results of previous studies (Hu and Si, 2013; . Instead, less variance (CV = 9%) was observed at a large scale (i.e., the mean scale of SWC and environmental factors was 272 km). The scales of IMF3 for silt and sand contents were smaller at depths of 1 to 2 (70 and 84 km, respectively), 2 to 3 (94 and 105 km, respectively), 3 to 4 (70 and 94 km, respectively), and 4 to 5 m (70 and 64 km, respectively) than other factors, which indicates that silt and sand have relatively specific, small scale frequency oscillations. Fig. 3 . Intrinsic mode functions (IMFs) and residues of soil water content (SWC) and environmental factors (precipitation, temperature, elevation, clay, silt, and sand) according to multivariate empirical mode decomposition in the 0-to 5-m profile across the 500-km transect.
p. 7 of 12 Variance (%) of SWC and environmental factors to the original data for IMFs and residuals is shown in Table 4 . Variance of all the variables ranged from 0.3 to 30.9% for IMF1, from 0.4 to 41% for IMF2, from 2.7 to 17.8% for IMF3, from 1.5 to 11.8% for IMF4, and from 26.9 to 104.0% for residue. As expected, residuals explained a majority of the variance in all five soil layers across the 500-km transect. The variance of SWC for the residuals was reduced, and the variances for the residuals of the IMF1 and IMF2 were increased with increasing soil depth. Compared with those of precipitation, temperature, and elevation, variances of soil particle composition were higher at small scales, which confirmed that soil properties, which have some control on SWC, are a relatively small-scale feature. The variances of corresponding IMFs for environmental factors along the soil profile did not exhibit obvious differences, which indicated that scale dependence of these variables was similar in different soil layers.
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Scale-Specifi c Controlling Factors of Soil Water Content at a Large Scale
Different IMFs showed different relationships between SWC and measured environmental factors (Table 5) . Residuals were strongly correlated to environmental factors throughout the whole 0-to 5-m soil profile. There were no significant correlations between SWC and precipitation or temperature in any IMFs in any soil layer, implying that precipitation and temperature were large-scale dependence factors affecting SWC, which has been shown in previous research on soil water storage. Our results were consist with the conclusion obtained by Zhao et al. (2017) , who reported that precipitation and evaporation were large-scale factors dominating variation in soil moisture. As regional variables, precipitation and evaporation display a gradient of values across a large scale, which may have significantly affected the spatial patterns of soil moisture in our study. Correlation coefficients between SWC and elevation were significant (P < 0.01) except at the scale of IMF1, implying that elevation was a dominant factor controlling SWC at moderate and large scales across the study transect. Clay content showed strong correlations with SWC, indicating that clay was a prominent factor affecting SWC at all scales. This was in agreement with the results found by Wang et al. (2017b) , who noted that soil texture outweighed meteorological variables as controlling factors for regional SWC. Silt did not significantly correlate with SWC, and sand showed a significant negative correlation with SWC, except at the scale of IMF3.
In different soil layers, correlations between SWC and precipitation and temperature were similar, and they only exhibited strong correlations in the residuals (Table 5 ). However, in the 0-to 1-m soil layer, they were significantly correlated with SWC at the IMF3 and IMF4 scales, which not only indicated that precipitation and temperature were large scale dependence factors for SWC, but also verified surface soil water was more sensitive to environmental conditions than deeper soil water. Correlations between SWC and elevation at 0 to 1 and 1 to 2 m were significant except in IMF1, and then the correlations between the variables gradually decreased with the increasing soil depth. This suggests that elevation may play an important role in controlling SWC in the surface and shallow soil layers. Different from climatic factors, clay content was consistently and positively correlated with SWC in all soil layers, and sand demonstrated similar characteristics as within the whole profile.
Comparing the correlation of SWC and environmental factors for original data and the IMFs (Tables 2 and 5) , we found that analysis using the original data based on integrated levels may eliminate the interactive functions of the controlling variables. However, IMFs obtained from the MEMD, which separated the data into several scales, obtained more information about the SWC variation and controlling factors at different scales.
Understanding the regional scale spatial patterns of soil moisture is an important topic for many scientific disciplines. Further, understanding scale-specific controls of SWC across a regional scale is essential to design soil moisture observation networks, and to predict regional SWC exchange and water cycling. Many researchers have reported that soil moisture is commonly thought to be controlled by land surface characteristics, such as topography, vegetation, and deduced root structure, and landform at small scales, and by atmospheric factors, such as precipitation and evaporation patterns, at larger scales (Seyfried, 1998; Entin et al., 2000; Brocca et al., 2010; Cho and Choi 2014) . Using empirical orthogonal functions (Champa and Mohanty, 2010; Wang et al., 2017a) and cosmic-ray neutron rover methods (Dong and Ochsner, 2018) , some evidence suggests that soil texture is a large-scale factor for soil moisture variation. In the current study, we applied the MEMD method first across a regional scale and investigated the relative roles of meteorological forcings and local factors in controlling soil moisture patterns. Our results are helpful for understanding the controlling processes and prediction of regional SWC dynamics. Table 6 and Fig. 5 show that, compared with the results obtained at the measurement scale, the equation of each IMF was correlated Table 5 . Pearson correlation coefficients of soil water content and environmental factors (precipitation, temperature, elevation, and clay, silt and sand content) of each intrinsic mode function (IMF) and residuals in five soil layers to 5 m. with more variables at increasing scales. Predictors of IMF1 (which represented small scales) usually contained clay content, and as scales increased, sand and elevation were added in the equations for IMF2 and IMF3, and then precipitation and temperature were added in the equations for residuals. These results indicated that (i) clay content was a key factor in predicting SWC at all scales (including the measurement), (ii) sand and elevation were also important factors related to SWC prediction at the moderate scale, and (iii) at larger scales, SWC was highly dependent on the large-scale environmental factors such as precipitation and temperature. The results of IMFs were more reliable than the measurements. This may be because the IMFs were separated into different scales, and by doing so, more information on environmental factors was considered. However, the results of the measurement scale were unable to capture the same information about the scaledependent relationships between SWC and environmental factors. Similar conclusions have been reported by others Si, 2013, 2014) . The equations obtained from residuals had the greatest R 2 for the five soil layers and throughout the whole profile (Fig. 5) . This means prediction of SWC with the environmental factors was more deterministic at larger scales in our study area, which agrees with results from previous studies (Hu and Si, 2013; She et al., 2014) .
Prediction of Soil Water Content with Multivariate Empirical Mode Decomposition
Soil water content at the measurement scale was predicted by the IMFs and residuals using stepwise multiple regression (Table 7) . Table 6 . Stepwise multiple linear regression results of soil water content and environmental factors according to multivariate empirical mode decomposition. All the predicted IMFs were selected in the equations, and all the equations had values of adjusted R 2 ranging from 0.686 to 0.869.
Comparing the values for R 2 in Tables 2 and 7 , we can infer that the predictions based on the IMFs and residuals obtained from the MEMD were more credible than the prediction from the measurements made directly, which may be attributed to the decomposed data containing more information on SWC and environmental factors. Moreover, these results further confirm the advantages of using MEMD to evaluate variation in SWC (Hu and Si 2013) . Multivariate empirical mode decomposition has been applied widely to analyze the variation and dominant factors of soil water and related hydraulic properties at the slope and small watershed scales. Our study along a 500-km transect provided new information on regional variation of SWC and decomposed different scales of SWC and its associated controlling factors. This information is increasingly needed to explore regional soil water traits, understand crucial processes affecting regional SWC, and model and evaluate regional soil water patterns.
Conclusions
We explored the scale-specific controls of SWC and environmental factors using the MEMD method along a transect of 500 km. Different numbers of IMFs for SWC and environmental factors were obtained throughout the whole 0-to 5-m soil profile and in five soil layers. The largest mean scale of SWC and environmental factors based on IMFs throughout the whole profile was 121 km. The largest mean scales of all the variables based on IMFs in the 0 -to 1-, 1-to 2-, 2-to 3-, 3-to 4-, and 4-to 5-m soil layers were 272, 126, 134, 126, and 117 km, respectively. Different IMFs showed varying relationships between SWC and the measured factors. Correlation and multiple regression analysis further showed that SWC was controlled by precipitation, temperature, and clay at large scales (>250 km), by elevation and sand and clay content at moderate scales (65 km), and by clay content at small scales. The prediction based on the IMFs and residuals outperformed the results that were obtained using the original data. Our study verified that the MEMD method was better suited for examining the specific-scale SWC and related environmental factors than the original data. However, our results were inferred from the current sampling strategy, and it is necessary to justify the results by changing sampling intensity. Overall, the MEMD method should be expanded and developed by more researchers. Table 7 . Prediction of soil water content according to intrinsic mode functions (IMFs) and residuals in the whole 0-to 5-m profile and in five soil layers using stepwise multiple linear regression. 
